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Abstract 
In order to study the co-pyrolysis characterisitics of sewage-sludge/rice-straw, pyrolysis experiments were carried out through a thermal 
analyzer. The pyrolysis processes were analyzed through the curves of TG and DTG. The results show that the co-pyrolosis behavior is not a 
simple summation calculation, but has obviouse synergistic effects. Rice straw significantly affects the release of volatile matter in the co-
pyrolysis. It inhibits in the begining period, and promotes in the middle and later periods. With the increase of rice straw’s amount, the 
temperature range of the volatile matter’ release reduces, volatile matter release acceleratedly , both the speed and rate of weight loss increase. 
Kinetic analysis demonstrates that parameters in the stage of volatile matter liberation, which can be well linear fitted, have kinetic 
compensation effect in the process of co-pyrolysis.  
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1. Introduction 
 
In recent years, a large number of municipal sewage treatment plants have been founded popularly in China, and the rate of 
sewage treatment improved continuously, and the production of sludge increased evidently. Because of the harmfulness of sludge 
and the risk of secondary pollution, more and more researchers pay attention to the safe disposal of sewage sludge. Large-scale 
disposal methods mainly include sanitary landfill and fertilizer production. There are also other methods, such as combustion, 
preparation of cement or activated carbon, pyrolysis and so on. Pyrolysis of sludge treatment has less pollution because of the 
closed operating system; most of heavy metals in sludge are remained in solid residue; the volume of solid residue is reduced 
greatly and the method has a good sterilization function; high adsorbtion material is acquired through pyrolysis as well as the 
high heat value of gas and oil are obtained [1-3]. Accordingly, pyrolysis of sewage sludge has advantages of harmless to 
environment, saving resource and reducing the bulk [4-5].  
Biomass is abundant and renewable, and the crop straw is one of the important sources. The amount of CO2 which is absorbed 
and released is equal in the metabolism process of biomass growth [6]. At present, the majority of crop stalks is abandoned or 
burned. This disposal not only wastes resource, but also pollutes the environment.  
The sewage sludge has some characteristics, namely high moisture content, ash, density and viscosity, low heat value. Crop 
straw contains lower ash, and it can be made into high heat value pyrolysis products. In the process of pyrolysis, the straw is low 
energy density, low ash melting point and slagging easily [7].In addition, biomass is low density that will tend to float and fly, 
which is inconvenient to storage and transportation. If the two materials are mixed in appropriate proportion, it may resolve their 
problems and compensate their weakness each other. Presently, there are some researches about co-pyrolysis behavior of 
biomass-coal  [8-9], as well as sludge-coal [10-11], but the research about co-pyrolysis of sludge-biomass has not yet been 
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 reported in China. This paper studied the co-pyrolysis behavior of sewage sludge-biomass, aiming to discover a new way to deal 
with crop straw and sewage sludge effectively and utilize them more rationally. 
2. Experimental  
2.1.  Materials and measurements  
662 Zhang Shuang-quan et al. / Procedia Earth and Planetary Science 1 (2009) 661–666 
The experimental material of sewage sludge was obtained from the wastewater treatment plant of Xuzhou city Jiangsu 
Province in China. The rice straw was collected in a rural area of Xuzhou. The proximate analyses of the two materials are listed 
in Table 1. 
Table 1. Proximate analyse of the sewage sludge and rice straw 
Samples Mad (%) Aad (%) Vad (900 ℃ , %) FCad (900 ℃ , %) 
Sewage sludge 6.17 35.15 51.5 7.18 
Rice straw 10.75 6.79 66.5 15.96 
Table 1 shows that the volatile matter and ash content of the sewage sludge sample are relatively high, fixed carbon content is 
low. The ash content of the rice straw is low, the volatile matter content is relatively high. The initial sewage sludge and rice 
straw was milled and sieved. The particle diameters of sewage sludge and rice straw are less than 0.074 mm and 0.2 mm 
respectively.  
2.2. Apparatus and sampling 
NETZSCH-STA 409C simultaneous thermal analyzer of thermogravimetric and differential scanning calorimeter was used, 
with the high purity nitrogen stream (99.99 %) at flow rate of 100 mL/min, to keep the inert atmosphere. The samples were 
heated from ambient temperature to 900 ℃, at a heating rate 10 ℃/min. 
The sewage sludge and rice straw samples were dried in oven at 105 ℃ for 2 h and then stored in a desiccator for test. Finally, 
the straw was mixed with sewage sludge in the proportion of 30%, 40% and 50% (wt%). Thermogravimetry (TG) tests for the 
samples were carried out. 
3. Results and discussion 
Fig. 1 shows the pyrolysis profiles of the sewage sludge at a heating rate 10 ℃/min, in which some special parameters are 
marked. In Fig. 1, Ts and Te express the initial and final temperature of volatile matter release, respectively, and Tmax is the 
corresponding temperature of the maximum pyrolysis rate. These parameters are calculated by mathematical method. Other 
samples’ special parameters take Fig. 1 as the example. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. TG-DTG curves of the sludge 
The special parameters of sewage sludge, rice straw and their mixture are shown in Table 2. Table 2 shows that the onset of 
volatile matter release temperature of sewage sludge is lower than the straw, but the final of volatile matter release temperature 
of sewage sludge is higher than the straw. The pyrolysis temperature difference (ΔTv ) of sewage sludge is 137.5 ℃, and the 
value of starw is 86.2 ℃, the difference between these two materials is 51.3 ℃. In addition, the onset volatile matter release 
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temperature increases and the final temperature decreases with the increase of the straw content, so the temperature difference 
reduces. 
Table 2. The pyrolysis parameters of sewage sludge, rice straw and the mixture of sludge and straw 
Samples Ts  (℃) Tmax  (℃) Te  (℃) △Tv (℃) △wv (%) wf /wo (%) DTGmax ( %/min) 
SS-100 247.56 310 385.06 137.5 18.6 43.68 -1.61 
SW-30 254.71 317 359.54 104.83 29.98 27.94 -4.33 
SW-40 258.62 319 357.47 98.85 30.48 31.56 -4.35 
SW-50 260.69 319 355.63 94.94 36.5 23.92 -5.49 
SW-100 266.44 320 352.64 86.2 43.61 12.71 -7.16 
△Tv = temperature difference between onset and final of volatile matter liberation, △Tv=(Te-Ts). 
△wv = weight loss in the time interval between onset and final of volatile matter liberation. 
wo = weight of the dried sample, the moment it start to loss weight.  
wf = weight of the sample, the moment pyrolysis ends and weight stabilizes.  
DTGmax = maximum weight loss rate. 
Fig. 2 features pyrolysis profiles for the samples obtained from sewage sludge and its mixtures with straw. The profiles of the 
sewage sludge and the rice straw pyrolysis independently labelled as SS and SW. Combined with Table 2 and Fig. 1, it can be 
observed that the maximum weight loss rate and weight loss increases with the increase of the rice straw content in the volatile 
matter liberation range. The TG curves indicate that some inhibition for sewage sludge pyrolysis exist because of rice straw 
addition before 290 ℃, therefore the pyrolysis rate is slower. After 290 ℃, the addition of rice straw promotes the pyrolysis of 
sewage sludge and accelerates the pyrolysis rate. 
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Fig. 2. The TG-DTG curves of sludge and rice straw at difference mixed proportion 
The weighted average of the temperature difference between onset and final of volatile matter release is designated as △Tvc. 
And △wvc represents the weighted average of weight loss rates. Those two parameters are calculated according to following 
formula: 
△Tvc=△Tvw×Pi+△Tvs×(1-Pi)                                                                                                                        (1) 
△wvc=△wvw×Pi +△wvs×(1-Pi)                                                                                                                      (2) 
Where △Tvw and △Tvs (℃) is the temperature difference between onset and final of volatile matter release, and that of the 
rice straw and sewage sludge individual pyrolysis, respectively. △wvw (%) is the weight loss rate of the straw, and △wvs (%) is 
sewage sludge’s. Pi (%) is the proportion of rice straw in the mixture.   
Fig. 3 and Fig. 4 are drawn using the calculated values △Tvc and △wvc, and the experimental data of temperature difference. 
The experimental data of the temperature difference are larger than the calculated values, the difference is about 17 ℃. This can 
be observed in Fig. 3. Fig. 4 shows the experimental values of weight loss rate in the phases of volatile matter liberation are 
greater than the calculated values. The maximal difference of the weight loss rate is 5.4 %.  
This can be concluded that there are some synergistic or coupling effects in the co-pyrolosis process of sewage sludge with 
straw, not just a simple summation calculation. For sewage sludge, the release of volatile matter is accelerated because of the 
synergistic or coupling effects of rice straw.  
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Fig. 3. (a) The experimental and calculated data of  temperature difference; (b) The experimental and calculated data of the rate in the stage of volatile matter 
release 
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4.  Kinetics analysis 
4.1. Calculation of kinetics parameters 
The decomposition process of heterogeneous solid state reactions can be generally described by the equation as follow: 
A(s) → B(g)+ C(s)                                                                                                                                    (3) 
The fundamental kinetic equation of pyrolysis reactions can be expressed by Arrhenius equation:  
 
( )αα f
RT
EA
t
）（−= expd
d
                                                                                                                     (4) 
Where t is time, α  is weight loss rate, A is the pre-exponential Arrhenius factor (min-1), E is the activation energy and R is the 
gas constant. 
In the case of kinetic data, obtained at a constant heating rate β, β=dT/dt (K/min). Thus, the equation above can be transformed 
to the following expression. 
( )n
RT
EA
T
αβ
α −−⋅= 1exp ）（d
d
                                                                                                                 (5) 
Where n is the reaction order. The kinetics of the decomposition reactions can be described by first-order Arrhenius law 
generally, so the co-pyrolysis reactions are assumed as first-order law. Eq. (5) could be transformed to 
( )αβ
α −−⋅= 1exp ）（
RT
EA
Td
d
                                                                                                                (6) 
Dolyle’s approximation formula derived from the Hancock’s empirical formula[12-14]. 
     
( )[ ] βα R
AE
RT
E ln33.51lnln =++−−
                                                                                                             (7) 
Eq. (7) shows a linear relation between ln[-ln(1-α)] and 1/T. The decomposition process of organic compounds is the most 
important stage in the whole pyrolysis process. Moreover, in the stage of volatile matter liberation, the weight loss is the largest, 
and the weight loss rate is the fastest. In the stage of water evaporation in the prophase of pyrolysis and the mineral 
decomposition latter period, the rate of weight loss is relatively smaller. 
Consequently, kinetic parameters of the volatile matter release stage which should be considered mainly were calcultated. The 
activation energy E and the pre-exponential factor A were obtained through linear fitting. The Calculation results of different 
samples are listed in Table 3. As shown in Table 3, the linear correlation coefficients are all greater than 0.995. This means that 
the correlation is good, so assuming as first-order reaction is reasonable. 
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 Table 3. Kinetics parameters of the sewage sludge 
Sample Y=aX+b  Linear correlation coefficient E (kJ/mol) A (min
-1) 
SS-100 Y=2364.1X-8.098 0.9979 19.66 13.91 
SW-30 Y=5352.0X-13.273 0.9960 44.50 1086.11 
SW-40 Y=4813.8X-12.499 0.9970 40.02 556.88 
SW-50 Y=5882.2X-14.352 0.9957 48.90 2907.06 
SW-100 Y=7208.6X-16.705 0.9952 59.93 24948.15 
X=1/T.  Y= ln[-ln(1-a)].  
Linear equation: Y=aX+b.  
4.2.  The kinetic compensation effect for co-pyrolysis of sewage sludge with rice straw  
The kinetic compensation effect expresses that lnA has linear correlation with E[15]. The mathematical expression is: 
      lnA=aE+b                                                                                                                                                (8) 
Where a and b are compensation parameters. Eq. (8) indicates the variation of E is compensated partially by A. Thus, E can be 
estimated by the value of A.     
Table 3 shows that the value of A increases with the increse of E, and the result exhibited a good linear relationship between 
lnA and E. The mathematical expression of the kinetic compensation effect is lnA=0.1851E-1.0749. The correlation coefficient is 
0.9992.  
5. Conclusions 
Compared with the experimental and calculated data in the temperature difference between onset and final of volatile matter 
release, in the process of sewage sludge and rice straw co-pyrolysis, it can be found that the parameters are not just simple 
summation calculation, but existing some synergistic or coupling effects to accelerate the release of volatile matter. Through the 
analysis of TG curves, the addition of rice straw has effects on sewage sludge pyrolysis. The volatile matter liberation is more 
sufficient, the release is ended ahead, and the time is shortened because of addition of the straw. The temperature differencese of 
volatile matter release decrease, the weight loss and weight loss rate increase with the increase of the rice straw additive 
propotion in the blendings.   
The result of kinetic analysis shows that first-order reaction together with Arrhenius law account for the volatile matter release 
stages of sewege sludge, rice straw and their blends quite satisfactorily. And the kinetic compensation effect was found.    
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